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Introduction
The proliferative lifespan of normal mammalian cells is limited by replicative senescence (Hayflick, 1961; Campisi, 1997) , a process that appears to be primarily mediated by gradual shortening of telomeres (Shay, 1997) . Senescent cells withdraw irreversibly from the cell cycle, but remain viable indefinitely, and display characteristic phenotypic markers, such as enlarged and flattened morphology, irreversible growth arrest, and expression of the senescence-associated-β-galactosidase (SA-β-Gal) activity at pH 6.0 (Dimri et al., 1995) . Recently, it has been shown that expression of ras and raf oncogenes can induce a rapid onset of replicative senescence in normal fibroblast cells associated with induction of p53, p21, p16, and hypophosphorylation of Rb protein (Serrano et al., 1997; Zhu et al., 1998) , implicating that replicative senescence, like apoptosis, is a programmed response of the organism to potentially oncogenic impact.
Tumor cells are capable of extended proliferation as if the capability to become senescent has been somehow repressed or lost. Recently we and other groups have reported that certain tumor cells enter into senescence state by expression of tumor suppressor genes such as p53 (Shin et al., 1997) , Rb (Xu et al., 1997) , p21 (Fang et al., 1999) , and p16 (Uhrbom et al., 1997) . Although these studies suggest that tumor suppressor genes are essential for oncogene-induced senescence in normal HDF and their expression can induce senescence in human tumor cells, detailed mechanisms of senescence induction have not been understood. There is therefore a great deal of interest in identifying genes that can trigger an intrinsic senescence program.
The Arp2/3 complex may be a key mediator of actin polymerization by nucleating new actin filaments and cross-links them from end to side-branch, thus creating new barbed ends which drove the extension of the cell's leading edge of motile cells, specifically at the junction of the Y branches (Higgs and Pollard, 1999) . The Arp2/3 complex consists of seven subunits (Arp2, Arp3, Arc-p16, Arc-p20, Arcp21, Arc-p34 and Arc-p41) (Welch, 1999) (Mullins and Pollard, 1999) . Arc-p41 is proposed to have a regulatory role, facilitating assembly and maintenance of the Arp2/3 complex. However, it remains unknown for the functions of p41-Arc in cell growth regula- tion (Welch, 1999; Gournier et al., 2001) .
In this study, we examined a role of p41-Arc in cellular growth and differentiation. For this, we examined the effects of p41-Arc expression and found that p41-Arc can induce senescence in tumor cell, SaOs-2 lacking p53 and Rb tumor suppressors.
Results
To investigate a role of p41-Arc, we attempted to constitutively express p41-Arc in SaOs-2. However, stable transfectants were not obtained because cells expressing p41-Arc fail to grow (data not shown). Therefore, we examined an inducible expression of p41 using tetracycline-regulated gene expression system (Gossen and Bujard, 1992, Jung et al., 2001) . To this end, we constructed a plasmid, ptet-p41Arc, in which p41-Arc cDNA is under the control of a tetracycline-repressible promoter, expression from this promoter requires the tTA transactivator that binds to and activates the tetracycline-regulated promoter in the absence of tetracycline (Gossen and Bujard, 1992) . ptet-p41-Arc was transfected into SaOs-2 cells and more than 10 stable clones were obtained. To achieve p41-Arc expression we infected the cells with a recombinant adenoviruses encoding tTA ( Figure  1 ). After infection with tTA virus, mRNA levels of p41-Arc was dramatically increased (Figure 1 ). Expression of p41 was induced in more than 2 clones following infection with the tTA-encoding adenovirus in the absence of tetracycline.
It has been shown that p41-Arc has a regulatory role, facilitating assembly and maintenance of the Arp2/3 complex, which nucleates and cross-links actin filaments from end to side-branch, thus creating new barbed ends which drove the extension of the cell's leading edge in motile cells, specifically at the junction of the Y branches (Higgs and Pollard, 1999) . Thus, we examined whether p41-Arc expression affects actin filaments. Figure 3 showed that nuclear actin filaments were increased in cells expressing p41-Arc, but that in the cytosol was not affected (Figure 2) , implying that overexpression of p41-Arc facilitates nucleation and cross-linking of nuclear actin filaments.
Growth of cells carrying ptet-p41 was arrested by the infection with tTA-encoding adenovirus (data not shown). However, those cells became flattened and enlarged just like senescent cells as previously reported ( Figure 3A) . It has been shown that senescent, but not quiescent or terminally differentiated cells express SA-β-gal activity, which can be detected by incubating cells at pH 6.0 with 5-Bromo-4-chloro-3-indoryl β-D-galactoside (X-gal) (Dimri et al., 1995) . Thus, we examined whether the cells infected with tTA-encoding adenovirus express SA-β-gal activity. As shown Figure 2B , ＞50% of cells became to express SA-β-gal activity at 9 days after infection with the tTA-encoding virus, whereas control cells infected with the ΔE1 control virus showed no activity ( Figure 3B ). Because SaOs-2 cells are deficient for p53 and Rb tumor suppressor genes, expression of other cell cycle regulators such as p21 and p27 were examined. Both cell cycle regulators were not affected during p41-Arc-induced senescence, implying that p41-Arc induces senescence in the absence of cell cycle regulators such as p53, pRb, p21, and p27 ( Figure 3) .
Growth inhibitory role of p41-Arc was also examined in human diploid fibroblast (HDF) cells. HDF cells were infected with retrovirus expressing p41-Arc and cultured to examine cell growth. Growth of HDF was significantly inhibited by p41-Arc and ceased after second passage ( Figure 4A ). Appearance of SA-β-galactosidase-positive cells was increased after first passage at day 10 ( Figure  4B ), implying that p41 rapidly induces senescence in human fibroblasts.
Discussion
The present study suggests that overexpression of p41-Arc facilitates nucleation and cross-linking of nuclear actin filaments and induction of senescence in human tumor and normal fibroblasts. Because overexpression of p41-Arc results in an inhibition of cell growth, the effects of p41-Arc in actin filaments have not been reported yet. However, inducible expression of p41-Arc allows us to find two phenotypes, senescence and nuclear accumulation of actin filaments. However, it remains to be elucidated how p41-Arc overexpression results in the accumulation of actin filament in nuclei and this change in cytoskeleton affects cell growth and senescence. In support, it has been shown that expressions of the p41-Arc in human gastric cancers are significantly lower than those in the normal samples, implying that the reduced expression of p41-Arc might be involved in gastric cancer development or progression (Kaneda et al., 2002) .
In addition, tumor suppressors, such as p53 and Rb, have been demonstrated to be important for entering senescent state from the cell cycle (Shin et al., 1997 , Xu et al., 1997 . Intra-and extra-cellular signals for inducing senescence activate the tumor suppressors, which in turn arrest the cell cycle and activate senescence programs. However, SaOs-2 cells are deficient for p53 and Rb (Hendricks-Taylor and Darlington, 1995) . Therefore, these results suggest that p41-Arc activates a senescence program in p53-and Rb-independent ways.
Methods

Cell culture and DNA transfection
SaOs-2 human sarcoma cells were maintained in DMEM supplemented with 10% FBS (GIBCO BRL) and penicillinstreptomycin (50 U/ml). To establish SaOs-2 cells expressing p41-arc, full length cDNA of p41-Arc was cloned into BamH I and Hind III sites of pTet-off vector and constructed ptet-p41. We transfected cells with ptet-p41Arc and selected individual clones of stable transfectants, designated SaOs2-p41, for further analysis. To induce p41 expression, we infected cells a recombinant adenovirus encoding tTA (obtained from Dr. Morgan) for 3-4 h (Park et al., 2000) . The infected cells were maintained in DMEM supplemented with 1% FBS in order to prevent loss of the adenovirus.
Senescence-associated β-galactosidase (SA-β-Gal) staining
Cells were washed in PBS, and fixed with 0.25% glutaraldehyde in PBS for 15 min at room temperature. SA-β-gal activity at pH 6.0 was detected by incubation at 37 o C for 6-8 hrs with fresh SA-β-gal staining solution (Dimri et al., 1995) .
Immunofluorescence of actin filaments
Cells were grown onto glass cover slips in 6 well plates The cells on cover glass were washed with PBS and fixed with 3.7% paraformaldehyde and permeabilized with 0.5% Triton X-100 for 15 mins. Cells were blocked with 3% Bovine serum albumin (BSA) in PBS-0.1% Tween 20 for 2 h and washed PBS containing 0.1% Tween 20. Fixed cells were incubated with phalloidin-RITC for 1 h. After washes with PBS-0.1% Tween 20, the cells on cover slip were stained with 4',6-diamidino-2-phenylindole (DAPI, 1 μg/ml) for 10 min, washed with PBS-0.1% Tween 20 and mounted on Slide glass using mounting medium (Biomeda corp.) and were observed under a fluorescence microscope.
Northern blot analysis
Total cellular RNA was isolated with the use of Trizol solution (Invitrogen). Then 20 μg of total RNA per sample was denatured, applied for SDS-PAGE, transferred by capillarity to a nylon membrane and hybridized as described in the manufacturer's instructions (Expresshyb & Clonetech). Probes were 32 P -labed full length cDNA using a random primer DNA labeling kit (Roche). The Blots were exposed on X-ray film at -70 o C overnight after being washed.
Western blot analysis
The cell lysates were prepared as previously reported (Yun et al., 1999) . Briefly, the cells were lysed with RIPA buffer [50 mM Tris (pH 7.5), 5 mM NaCl, 1 μM EGTA, 1% Triton X-100, 50 μM NaF, 10 μM Na3VO4, 1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin A, 0.1 mM PMSF and 1 mM DTT], and the lysates were clarified by centrifugation (1,200 rpm for 10 min at 4 o C). The total cell extracts were separated on SDS-polyacrylamide gel, and the proteins were transferred to a PVDF membrane (NEN Life Science Products, Boston, MA). Western blot was performed with ECL Western blotting detection reagents (Amersham Pharmacia Biotech, Sweden).
